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I. INTRODUCTION
Removing an inner-valence electron from isolated atoms or molecules usually will not lead to a relaxation process accompanied by secondary electron emission, as far as the energy of the cation is below its double ionization threshold. Here, however, the medium can play a critical role. If the inner-valence ionized system is embedded in an environment or has neighbors such as in a cluster the double ionization threshold will be lower, since the two positive charges can reside on two centers, separated by a comparatively large distance. Thus, a relaxation mechanism with refilling of the inner-valence vacancy by an outer-valence electron of the same cluster subunit and emission of an outer-valence electron from the neighboring subunit may become energetically allowed. The final state of this process is characterized by two outer-valence vacancies, each on a different cluster subunit. As a result of the repulsion between the two ions a Coulomb explosion will usually take place and the cluster will disintegrate. This phenomenon was predicted theoretically more than 10 years ago 1 and is known in the literature as the interatomic/intermolecular Coulombic decay ͑ICD͒.
Since then ICD was studied extensively, both theoretically and experimentally, for different systems ͑see the up-to-date ICD bibliography list in Ref. 2͒ . It was shown that this is a rather general process, taking place in a large variety of species, ranging from van der Waals and hydrogen bonded systems to endohedral fullerenes. Moreover, the ICD was shown to be an ultrafast relaxation pathway of the inner-valence ionized states of complexes, and, therefore, extremely efficient compared to the competing processes, such as photon emission or relaxation via nuclear dynamics, through which the isolated system may also relax. Indeed, the typical ICD lifetimes vary in the interval of 1-100 fs, 3 while the above mentioned processes are by orders of magnitude slower. An approximate but elaborate expression for the ICD rate can be obtained using the Wigner-Weisskopf method based on time-dependent perturbation theory ͑PT͒ ͑see e.g., the monograph in Ref. 4͒ . Within this lowest-order PT, the ICD rate is proportional to ͉V ov 1 ,ov 2 ,iv,k − V ov 1 ,ov 2 ,k,iv ͉ 2 , where V ijkl is the two-electron Coulomb matrix element, the subscripts ov 1 and ov 2 correspond to the two outer-valence electrons, iv stands for the initial inner-valence vacancy, and k for the continuum electron. 3 Thus, the decay rate is proportional to the modulus square of the difference between the direct and the corresponding exchange Coulomb matrix elements. Since, the participating electrons are located on different subunits of the whole system, these two terms actually describe different physical phenomena. The first, or the direct, term describes the process in which an outer-valence electron from the initially ionized subsystem fills the inner- valence vacancy and an outer-valence electron from the other subsystem is emitted. This process is mediated by the transfer of a virtual photon and at large distances is governed by the dipole-dipole interaction. 3, 5 The second, or the exchange, term describes the process of electron transfer, i.e., where an outer-valence electron from a site neighboring the one initially ionized fills the inner-valence vacancy and an outervalence electron from the initially ionized subsystem is emitted. In the following we will address these two processes as "direct" and "exchange" ICD, respectively.
The exchange ICD is closely related to another electronic process in which electron transfer between the system subunits appears as a mediator of the decay-so-called electron-transfer mediated decay ͑ETMD͒. 6 There an innervalence vacancy is refilled by an outer-valence electron of a neighboring subunit of the complex, from which in addition a secondary electron is emitted. Therefore, in contrast to ICD, after ETMD the system ends up with two vacancies on a site different from the initially ionized one. Both ETMD and exchange ICD involve electron transfer and, thus, take place on a similar timescale. Both processes are few orders of magnitude slower than direct ICD, which proceeds via the much faster energy transfer. Only at short separations between the system subunits the electron transfer processes are expected to give a non-negligible contribution to the total decay rate, due to the enhanced overlap between the wave functions, but still much smaller than the direct ICD rate. 5, 6 However, in the cases, when the direct ICD channel is forbidden, exchange ICD may appear as the only possible electronic decay mode 7 and, thus, as the dominant relaxation mechanism. For a detailed comparison between the ICD and ETMD channels in the NeAr and Ne 2 dimers see Refs. 6 and 8, respectively.
Creating a single vacancy in the inner-valence shell of one subunit of a cluster is not the only possibility to initiate ICD. Excited Auger final states that cannot decay nonradiatively in an isolated system can relax, when the system is embedded in an environment, by electronic emission from the environment. In other words, ICD can be the final step of a cascade decay initiated by core ionization, as predicted by theory 9 a few years ago. This cascade process was verified and extensively studied for homonuclear dimers by coincidence experiments on 2p-ionization of Ar 2 in Refs. 10-12 and on 1s-ionization of Ne 2 in Refs. 13-15. Detailed theoretical analysis of the relevant potential energy curves ͑PECs͒ and of the possible decay pathways in Ar 2 and Ne 2 can be found in Refs. 8 and 16, respectively. The ICD spectrum after 1s-ionization of the Ne dimer measured in Ref. 14 is interpreted in detail in Ref. 17 .
In the present work we report a first theoretical study on the influence of the nuclear dynamics on the ICD process following Auger transition in a heteronuclear cluster. For that purpose we investigate the cascade processes initiated by the K-shell ionization of neon in NeAr. The distinguishability of the two centers in a heteronuclear system makes the various decay pathways easier to interpret and assign uniquely. Moreover, the lower ionization potentials of the NeAr compared to the Ne 2 open additional ICD channels of the final Auger states giving the opportunity to study different aspects of the process. This makes the NeAr especially attractive also for experimental investigation of such electronic cascades.
We begin our study with a general overview of the energetically allowed de-excitation processes of the Auger final states, Ne 2+ Ar and NeAr 2+ , given in Sec. II. In the following we focus on the dominant relaxation pathway, namely, the direct ICD transition from the Ne 2+ ͑2s −1 2p −1 ͒Ar states, and analyze the impact of the nuclear dynamics accompanying the electronic decay process on the final ICD electron spectra ͑Sec. IV͒. All the calculations are done by using elaborated ab initio methods only. The methodologies for computing the relevant PECs, the partial and total decay rates, as well as the time-dependent theory for wave packet propagation in the case of electronic cascade are outlined in Sec. III. We summarize our results and conclude in Sec. V.
II. ELECTRONIC DECAY OF BOUND DOUBLY IONIZED STATES OF NeAr: AN OVERVIEW
In what follows we will give a general overview of the possible relaxation pathways of the one-site dicationic states of NeAr ͑i.e., those states where both electron vacancies are located on the same atom͒ based on the energy conservation law and a simple model for the PECs of the relevant states. The energy diagram of the relevant doubly and triply ionized states of NeAr is depicted in Fig. 1 Fig. 1 by analytical solid and dashed 2 / R curves, respectively. The energy positions of all PECs are calibrated at infinite internuclear distance to the sum of energies of the atomic fragments taken from National Institute of Standards and Technology ͑NIST͒ spectroscopic tables 19 and averaged over the possible fine-structure components. The LS-values of the final term of the one-site two-hole atomic states are indicated in each case at the right-hand ordinate axis.
We first consider possible de-excitation pathways of the Ne 2+ Ar states. As seen from Fig. 1 energetically open only at large internuclear distances, R Ͼ 3.8 Å. Being created around 3.5 Å, the nuclear wave packet starts to propagate toward smaller internuclear distances because the minimum of the corresponding dicationic PEC is known to be shifted to smaller R than that of the neutral electronic ground state, due to polarization effects. The ICD transition rate falls off at large internuclear distances as R −6 , 3, 5 and is small for large R. Therefore, the relative intensity for the above direct ICD must be very small, and only a weak trace of this transition is expected to be observed in experiments at around zero ICD electron energy. (2s neglect the possible one-site atomic radiative decays of these states ͑the radiative transitions are typically orders of magnitude slower͒.
In order to complete the present analysis we will now briefly discuss the NeAr 2+ states. As seen from the energy diagram in Fig. 1 P͒Ar states discussed above are the most probable de-excitation pathways of these states. A more accurate interpretation of these electronic transitions requires precise PECs, corresponding decay rates, and the accurate treatment of the underlying nuclear dynamics. To these matters we now turn.
III. COMPUTATIONAL APPROACH
In order to describe ICD of the Ne 2+ ͑2s −1 2p −1 ͒Ar states following Auger decay of Ne + ͑1s −1 ͒Ar we have computed the relevant PECs and the corresponding ICD transition rates via the ab initio methodologies described in Secs. III A and III B, respectively. In Sec. III C we outline the timedependent theory for wave packet propagation applied for computing the ICD electron spectra.
A. Potential energy curves
The PEC for the ground state of the weakly bound system NeAr was computed via the coupled cluster singles and doubles and perturbative triples method using the d-aug-ccpV5Z basis on the Ne atom and aug-cc-pV6Z one on the Ar atom. 20 An additional d-aug-cc-pV5Z basis set was put in the middle of the bond and the basis set superposition error was counterpoise corrected. The calculations were carried out with the MOLPRO package. 21 The energies of the relevant cationic, dicationic, and tricationic states were computed within the framework of the Green's function approach using the so-called algebraic diagrammatic construction ͑ADC͒ scheme 22, 23 ͑see also the review paper 24 ͒. ADC͑n͒ implements infinite partial summations of perturbative terms of the appropriate Green's function, which are exact up to the nth order of PT. Important features of this approach is its compactness and size-consistency. The ionization energies for the core-hole Ne + ͑1s −1 ͒Ar state were calculated via the ADC͑4͒ scheme 23, 25 for the one-particle Green's function using the d-aug-cc-pVTZ basis set. The ADC͑2͒ schemes for the particle-particle propagator 26, 27 and the three-particle propagator 28 were used to compute the dicationic and tricationic states, respectively. In both cases the aug-cc-pVQZ basis set was utilized. These energies were then added to those of the ground state of the neutral to obtain the PECs for the singly, doubly, and triply ionized NeAr states. In the calculations the spin-orbital interaction effects were neglected. In order to obtain the correct absolute energy scale, the computed PECs were shifted to match at large internuclear distances spectroscopic data for separated atomic fragments averaged over possible fine structure components. The computed PECs of neutral, core-ionized, and relevant doubly and triply ionized states of the NeAr are depicted in Figs. 2͑a͒-2͑c͒. One can see that the computed PECs form groups corresponding essentially to specific electronic configurations of the doubly charged atomic fragments, since at large internuclear distances the Coulomb splitting between different one-site two-hole states dominate the Coulomb interaction between charges located on different fragments. The L and S values of the one-site two-hole atomic states are also indicated in Fig. 2͑b͒ . At small internuclear distances the curves within a given group are spread over an energy band, while at large internuclear distances they merge into a single curve.
B. Partial and total ICD transition rates
In the present work we utilize an L 2 method for computing the widths of interatomic decay processes in excited doubly ionized states of clusters. 30 The approach is based on the general Fano resonance formalism 31, 32 in which the initial decaying state is represented as a bound ͑discrete͒ state embedded in the continuum of final states of the decay. The L 2 approximations for the discrete and continuum components of the ͑N −2͒-electron wave function are obtained within the ADC approach [22] [23] [24] and the resulting discretized spectrum is renormalized and interpolated in energy using the Stieltjes imaging technique. 33, 34 In the present implementation the 2p-GF/ ADC͑2͒x propagator scheme 26 is used, in which the wave function is expanded in terms of two-hole ͑2h͒ and three-hole one-particle ͑3h1p͒ configurations derived from the Hartree-Fock ground state of the neutral cluster. The 2h-states were correctly treated through the second order of PT, while the 3h1p-states-through the first order. The final states of the ICD are characterized by three holes with at least one of them localized on the Ar atom. Therefore, the L approximations for the continuum wave functions are identified as the ADC eigenstates of the 3h1p character. The approximation for the discrete component ͑the initial state͒ is found as an appropriate eigenstate of the 2h character in a separate ADC calculation from which the 3h1p configurations corresponding to the open channels are excluded. In this way, the orbital relaxation and intra-atomic correlation in the initial state as well as the interchannel coupling are taken into account.
The total ICD and ETMD rates for the singlet Ne 2+ ͑2s −1 2p −1 1 P͒Ar and triplet Ne 2+ ͑2s −1 2p −1 3 P͒Ar states are discussed in details in ͑Ref. 30͒. Although providing reliable total decay rates, the present approach does not allow for calculation of accurate partial decay widths, particularly in the case of strongly coupled decay channels. However, in the present case the resulting ICD spectra are not sensitive to the detailed distribution of the partial decay widths due to large number of open decay channels, which are energetically very close. Therefore, the Fano-ADC-Stieltjes method was used only to provide the total direct ICD, exchange ICD, and ETMD widths and within each of these classes we assumed equal partial rates for all the possible open channels. Under this assumption the partial rate for a given final channel is simply the total rate divided by the total number of channels. In addition, each partial decay channel has been considered energetically closed on the left side of the crossing point of the corresponding potential curve with the potential of the initial state, if applies. Finally, the total decay width of a given initial state is recalculated as the sum of the
C. Time-dependent theory for wave packet propagation: Electronic cascades
In the present section we outline the extension of the general time-dependent formulation for wave packet propagation ͑see e.g., Refs. 
Here and below E k 1 , E k 2 , and E k 3 are the energies of the primary, secondary, and tertiary electrons, respectively; H d 1 In the case of broadband ͑instantaneous͒ excitation the time evolution of the initial wave packet, ͉⌿ i ͑t͒͘, is not relevant for description of the cascade ͑1͒ and can be replaced by the following initial conditions:
In the local approximation 42,43 the effective Hamilton operators for the nuclear motion on the unstable electronic states D 1 and D 2 are given by:
where the energy shifts, ⌬ d i , and the total decay widths, ⌫ d i , are introduced in addition to the bare nuclear Hamilton operators, H d i , owing to the interaction with the electronic continuum.
The transition between the intermediate states D 1 and D 2 relevant for the present paper ͑atomic K-LL Auger decay of the Ne + ͑1s −1 ͒Ar states͒ is ultrafast compared to the nuclear dynamics, and can be assumed as instantaneous ͑see also the discussion at the beginning of Sec. IV͒. In this case the inhomogeneity in Eq. ͑2b͒ can be substituted by the initial condition,
and Eq. ͑2a͒ can be decoupled from Eqs. ͑2b͒ and ͑2c͒. As a result, E k 2 appears essentially as a phase of the wave packets and the system ͑2͒ is replaced by:
The nuclear wave packet ͉⌿ f ͑E k 3 , t͒͘ on the final state F contains all necessary information on spectra of the tertiary electrons ͑TE͒. The time evolution of the decay spectrum, TE ͑E k 3 , t͒, and the spectrum itself, TE ͑E k 3 ͒, can be computed as follows:
IV. RESULTS AND DISCUSSION
In the present section we discuss in details the This process is schematically illustrated in Fig. 2 , where the computed PECs of the NeAr dimer relevant for the discussed processes are depicted. Broadband excitation supposes the instantaneous vertical transfer of the nuclear wave packet from the ground state onto PECs of core-ionized state. 37 Subsequently, the nuclear dynamics and the Auger decay begin.
The Figure 3͑a͒ shows the time evolution of the partial ICD spectrum computed for the transition between the Ne 2+ ͑2s
The symmetric maximum centered around the electron energy of about 8.7 eV is the first to develop. This can be easily understood from the relative position of the involved PECs. Due to the instantaneous ionization and very fast Auger decay, the intermediate wave packet ⌿ d 2 ͑t =0͒ is nothing else but the initial wave packet ⌿ i ͑v =0͒ ͓see boundary condition ͑6͔͒. It is centered around the equilibrium internuclear distance of the ground state of the Ne dimer r e = 3.5 Å ͓͉⌿ i ͑v =0͉͒ 2 is shown in Fig. 3͑a͔͒ . The energy difference between the PECs of the initial and the final ICD transition states at these distances is exactly 8.7 eV. Being created on the PEC of the initial ICD state, the intermediate wave packet starts to decay losing its norm and to propagate toward smaller internuclear distances. The energy difference between the initial and the final ICD transition states ͑the energy of the emitted ICD electron͒ decreases when going to smaller internuclear distances. As a result, the slight asymmetry on the low electron energy side of the spectrum develops as the time proceeds. The spectrum converges to its final form after about 200 fs, when the decay of the intermediate wave packet is essentially completed.
If one assumes an instantaneous ICD decay, then the "mirror-reflection" principle ͑see e.g., the monograph in Ref.
46͒ can be applied to evaluate the decay spectrum. In this case the shape of the decay spectrum can be determined by the reflection of the norm of the initial wave packet ͉⌿ i ͑v =0͉͒ 2 on the final repulsive ICD PEC. In order to account for the strong dependence of the ICD rate on the internuclear distance ͓ϳR −6 ͑Refs. 3 and 5͔͒, the "mirror" in our case is taken to be "distorting." The ICD spectrum evaluated in this way is also shown in Fig. 3͑a͒ by solid circles. The maximum of the model spectra is normalized to the maximum of the computed final one. Comparing the spectra plotted in Fig.  3͑a͒ by solid line and solid circles it becomes obvious that the slight enhancement of the computed spectrum on the low electron energy side is due to the nuclear dynamics.
The total ICD electron spectrum computed for the pathway ͑12a͒ is depicted in Fig. 3͑c͒ by solid line. It was obtained as the sum of the partial decay spectra of the 1 ⌺ + and 1 ⌸ initial states ͑shown in the same panel by dashed and dash-dot-dotted lines, respectively͒ assuming their statistical population via K-L 1 L 2,3 ͑ 1 P͒ Auger decay. One can see from Fig. 3͑c͒ that the shapes of the partial ICD spectra associated with different 1 ⌺ + and 1 ⌸ initial states differ negligibly ͓ex-cept for the statistical factor of 2 and slightly different decay rates for these states shown in Fig. 2͑d͔͒ . Each of these spec- Fig. 3͑b͒ ͑note that equal partial ICD rates were assumed in the calculations and that six out of nine ICD channels are doubly degenerate͒. One can see from the figure that the energy positions of intensity maxima of partial ICD spectra computed for different final ICD states are notably different. The differences in the partial spectra are due to the different PECs of the final repulsive states forming around r e = 3.5 Å two energetically separated groups of curves ͓see Fig. 2͑b͔͒ .
All the above stressed conclusions about nuclear dynamics and corresponding partial and total spectra for the pathway ͑12a͒ apply also to the ICD in step ͑12b͒. The main differences between the ICDs in steps ͑12a͒ and ͑12b͒ consist in the relative energy position of the final repulsive states ͑the 1 S state of the Ne 2+ ͑2p −2 ͒ is shifted by about +3.71 eV relatively to the 1 D state 19 ͒, and in the different numbers of the partial channels related with the final state. The total ICD spectrum computed for the pathway ͑12b͒ is depicted in Fig.  4͑b͒ by solid line. It is again the sum of the partial spectra for decay of the 1 ⌺ + and 1 ⌸ initial states. As an example, we demonstrate in Fig. 4͑a͒ partial ICD ++ ϳ 250 fs. In this case competition between electronic decay and nuclear dynamics can considerably influence the decay spectra. 17, [35] [36] [37] [38] The partial and the total ICD electron spectra computed for the decay pathway ͑13͒ are depicted in Fig. 5 Fig. 5͑a͒ . The symmetric maximum centered around the vertical transition energy of about 1.3 eV is the first to develop. After its creation close to the right turning point of the PEC of the initial ICD state, the intermediate wave packet starts to propagate toward smaller internuclear distances. As seen in Fig. 6 , the intermediate wave packet reaches the left turning point after about 125 fs. At this time the low energy region of the spectrum starts to develop, clearly demonstrating an asymmetry already at 140 fs ͓see Fig. 5͑a͔͒ . After about 250 fs the intermediate wave packet has done a complete vibrational cycle and, because of decay, its norm is reduced by a factor of about 50 ͑see Fig. 6͒ . The spectrum converges to its final form after about 600 fs, when the decay of the intermediate wave packet is essentially complete.
In order to simulate an instantaneous ICD transition, a mirror reflection image of the initial wave packet ͉⌿ i ͑v =0͉͒ 2 modeled as described in Sec. IV A is also shown in Fig. 5͑a͒ by solid circles. The maximum of the model spectrum is normalized to the maximum of the computed final one. By comparing the model spectrum with the final computed spectrum ͑solid line͒ it becomes obvious that the nuclear dynamics considerably influences the decay spectrum for the pathway ͑13͒. First, the resulting spectrum is considerably broader than the model spectrum for instantaneous decay. In addition, the computed ICD spectrum exhib- its a distinct asymmetry, with a shoulder on the low electron energy side. This shoulder and the asymmetry grow as time proceeds ͓see Fig. 5͑a͔͒ and are clear signatures of nuclear dynamics. In an instantaneous ICD ͑ vib ++ ӷ dec ++ ͒ there is no time for the nuclei to move and, consequently, the observed asymmetry and shoulder do not appear in the model spectrum.
The total ICD electron spectrum computed for the pathway ͑13͒ is depicted in Fig. 5͑c͒ by a solid line. It is the sum of the partial decay spectra of the 3 ⌺ + and 3 ⌸ initial states ͑shown in the same panel by dashed and dash-dot-dotted lines, respectively͒ assuming their statistical population via K-L 1 L 2,3 ͑ 3 P͒ Auger decay. Due to the near-degeneracy of the 3 ⌺ + and 3 ⌸ initial states at large internuclear distances, the partial spectra exhibit very similar shapes ͓except for the statistical factor of 2 and the slightly different decay rates for these states shown in Fig. 2͑e͔͒ . On the contrary, the partial spectra corresponding to the different final ICD states are significantly different because the different PECs of the final repulsive states form around r e = 3.5 Å two energetically separated groups ͓see Fig. 2͑b͔͒ . This fact is illustrated in Fig. 5͑b͒ , where all 12 partial ICD spectra computed for the Ne 2+ ͑2s −1 2p −1 3 P͒Ar ͓ 3 ⌸͔ initial state are shown ͑note that equal partial ICD rates were assumed in the calculations, and that 6 out of 12 ICD channels are doubly degenerate͒. To complete the present analysis we mention that the integral intensity ratio of the total spectra computed for the most intense ICD pathway ͑12a͒ and for pathway ͑13͒ is estimated to be about 2.5:1.
V. CONCLUSIONS
The possible relaxation pathways of the one-site doubly ionized states of the NeAr cluster into the repulsive two-site triply ionized ones via emission of an electron have been investigated. A preliminary useful qualitative analysis was presented, where the PECs of the weakly bound dicationic states are modeled as constants with respect to the internuclear distance R and the two-site triply ionized states as 2 / R lines, with all PECs asymptotically adjusted to the NIST ͑Ref. 19͒ spectroscopic data. Thereby we were able to assign allowed electronic decay pathways of the Ne 2+ Ar states to different direct and exchange ICD, and to ETMD transitions, as well as to conclude that the NeAr 2+ states are electronically stable.
We considered in detail the dominant direct ICDs of the Ne 2+ ͑2s −1 2p −1 ͒Ar states populated via the K-LL Auger decay of the core-ionized Ne + ͑1s −1 ͒Ar state. For this purpose, elaborated ab initio methods were used to compute the PECs of the NeAr ground state, the core-ionized state, the relevant one-site dicationic states, and the two-site tricationic states. To the best of our knowledge these PECs have not been discussed in the literature until now. In addition, we have used an ab initio method to compute the decay rates for the Ne 2+ ͑2s −1 2p −1 ͒Ar states. In order to study the nuclear dynamics accompanying the electronic decay the timedependent theory of wave packet propagation has been applied.
Based on the computed PECs and rates, the partial and total electron spectra for the two direct ICDs of the Ne 2+ ͑2s −1 2p −1 1 P͒Ar state into the −1 ͒ final states, and only at internuclear distances R Ͼ 3.1 Å. In contrast to the singlet dicationic state, the decay of the triplet state is slower and lasts about 80 fs. The decay lifetime is now comparable with the typical timescale for the nuclear dynamics. The strong asymmetry in the shape of the computed total ICD spectrum, including the shoulder on its low electron energy side, as well as the considerable broadening of the spectrum compared to the vertical electronic transition are clear fingerprints of the nuclear dynamics accompanying the ICD. The integral intensity ratio of the total spectra computed for the ICD transition between Ne 2+ ͑2s −1 2p The present results elucidate the complexity of the manifold of electronic decay processes of the Ne 2+ Ar states populated via the K-LL Auger decay in the Ne atom. We hope that our work will stimulate first coincidence experiments on the ICD after Auger decay in the NeAr cluster, as well as its further theoretical studies.
